Pure cultures of anaerobic bacteria colonized the gastrointestinal tracts of germfree rats and induced an increase in the cellularity of intestinal tissue.
To gain some insight into the ecology and effect(s) of individual microorganisms on the histology of the intestinal tract, we studied rats that were monoassociated with three different anaerobic bacteria. The bacteria included: Fusobacterium necrophorum VPI 6054A, obtained from Tracy Wilkins (Virginia Polytechnic Institute, Blacksburg), Bacteroides fragilis NCDC 10946, obtained from Gale Hill (Duke University, Durham, N.C.) and Propionibacterium acnes RC 248-2, maintained at the Wisconsin State Laboratory of Hygiene, Madison. All three anaerobic species can be found in the human gastrointestinal (GI) tract and have also been associated with human disease (5). The bacteria were identified according to the procedures outlined in the Anaerobe Laboratory Manual (6) .
Germfree (GF), monoassociated (MA), and conventionally reared (CONV) Sprague-Dawley rats (males and females) were 60 to 90 days old when used in experiments. The GF and MA rats were maintained in plastic isolators (Gnotobiotic Laboratory, University of Wisconsin, Madison). Fecal samples were cultured weekly (anaerobically and aerobically) to assure that the gnotobiotic rats remained free of extraneous microbial contamination. The organisms studied were grown in an anaerobic glove box (2), in a peptone-yeast-glucose broth (6) , and germfree rats were monoassociated by swabbing the oral cavity with a 24-to 48-h broth culture. All assays were performed 2 to 3 weeks postinoculation unless otherwise stated.
The MA rats were anesthetized with ether, and various portions of their GI tracts were aseptically excised, transferred immediately to an anaerobic glove box (2), homogenized in blenders (Waring; Arthur C. Thomas Co., Philadelphia, Pa.), serially diluted in anaerobic transport media (3), plated on tryptic soy agar supplemented with 5% sheep blood (GIBCO Diagnostics, Madison, Wis.), and incubated at 37°C for 2 to 5 days in a Plexiglas incubator designed for use in the anaerobic glove box (4) . The number of viable organisms was determined per gram (dry weight) of tissue with contents ( Table  1 ). The M.A rat duodenum consistently contained low numbers of viable bacteria, and coprophagy could account for the recovery of some of the viable bacteria from the upper segments of the rats' GI tract. The duodenum is not conducive to bacterial attachment, and organisms in this area are most likely in transit to lower portions of the GI tract (8, 11) . The large numbers ofviable organisms (1010) in the distal ileum, cecum, and colon indicated active in vivo bacterial replication.
The following sections of GI tract were excised: stomach, both a secretory and a keratinized portion; duodenum, 4 cm distal to the stomach; ileum, 4 cm proximal to the ileocecal valve; and colon, 4 cm distal to the cecum. Tissues were fixed in Hollande-Bouin fixative (7), embedded in paraffin, serially sectioned, and stained with an azure A-eosin B stain (7) . This stain reveals bacteria and clearly shows any cellular inflammatory response (7) . Tissue Gram stains (7) were also done on GI tract sections. In general, three to four MA rats were analyzed in each group.
A dense bacterial layer was always observed within the lumen of GI tract tissue from CONV rats. In MA rats, colonizing bacteria were usually not observed either within the mucosa, attached to epithelial surfaces, or within the GI tract lumen (possibly due to the extensive washing procedure during tissue preparation). The only exception to the latter phenomenon was that discrete foci of organisms were observed within the keratinized gastric mucosa of rats that had been monoassociated with P. acnes for 5 to 6 weeks. Heretofore, lactic acid bacteria and yeasts (11) and Staphylococcus epidermidis (9) have been observed on gastric epithelial surfaces in CONV rodents.
Sections of GF, MA, and CONV rat gastric tissue (both keratinizing and secreting portions) had similar histological characteristics. In the intestinal tract, the thin lamina propria of GF rats was in sharp contrast to the thick lamina propria of MA and CONV rats. This increase in cellular elements included all the cell types usually found in this area ofthe intestine (fibrocytes, lymphocytes, eosinophils, basophils, plasma cells, mast cells, polymorphs). Syed et al. (12) found that association of GF mice with a complex mixture of 130 anaerobic and facultatively anaerobic bacteria caused "conventionalization" of intestinal tissue histology, whereas intestinal tissue from Escherichia coli MA mice was indistinguishable from corresponding tissue from GF controls. In our studies, either the presence of a complete microbial flora or one anaerobic bacterial species caused comparable histological changes in intestinal tissue. Differences in duodenal and colonic tissue from CONV and MA rats were not readily evident. However, when compared to CONV rats, the colonic lamina propria from F. necrophorum or P. acnes MA rats appeared slightly more cellular and had occasional branching of intestinal glands.
Although duodenal and colonic tissue from MA rats exhibited noticeable degrees of hypercellularity when compared to GF counterparts, the increased cellular proliferation of intestinal tissue was most evident in ileal sections from MA and CONV rats. Abrams (1) also noted that the effects of the flora were most evident on the small intestine, yet the total concentration of microorganisms and the duration of their stay seemed to be greater in more distal portions of the GI tract.
As expected, ileal tissue from GF rats (Fig.  1A) had relatively slim villi (due to thinner lamina propria), whereas ileal tissue from CONV rats (Fig. 1B) showed a striking increase in the cellularity of the lamina propria. When compared with vili from GF and CONV rats, ileal tissue from B. fragilis MA rats (Fig. 1C) had vili of intermediate thickness. The F. necrophorum and P. acnes Ma rats had ileal villi that often appeared more cellular than comparable tissue from CONV counterparts (Fig. 1D) . In addition, some sections of ileal tissue from F. necrophorum ( Fig. 1D and 1E ) or P. acnes ( Fig.  1F and 1G ) MA rats contained: (i) apparent fusion and blunting of vili (Fig. 1D); (ii) an increase in the number of goblet cells in the mucosal epithelium (Fig. 1D to G) ; (iii) hyperplasia of mucosal epithelial cells (Fig. 1D to G) ; (iv) occasional polyp-like formations (Fig. 1E  and F) . Some of the characteristics of ileal tissue from F. necrophorum-or P. acnes-associated rats (shortening and blunting of villi, increases in lamina propria cellularity, and apparent changes in the life cycle of epithelial cells) were similar to the histological characteristics associated with the presence of an abnormal microbial flora on the intestinal mucosa (1). Specifically, similar histological characteristics have been observed with malabsorption and with bacterial overgrowth (10) . This abnormal tissue histology observed in MA rats may be prevented in CONV rats by the biological checks and balances inherent in a complex microbial ecosystem.
Our observations and other studies (12) indicated not only that anaerobic bacteria play important roles in stimulating the histological characteristics of the intestinal mucosa, but also that some anaerobic bacteria may induce abnormal tissue histology. Perhaps the study of pure cultures of representative intestinal bacteria in vivo will serve as a model system to study basic mechanisms of host-flora interactions.
